In the pursuit of more effective noise control devices, the cavity backed micro-perforated panel absorber ͑CBMPPA͒ is developed in this study. A CBMPPA differs from the conventional micro-perforated panel ͑MPP͒ absorber in that the MPP is backed by a trapezoidal cavity, which allows more effective vibroacoustic coupling between the MPP and the cavity. A two-dimensional theoretical model is established and tested both numerically and experimentally. Based on the verified theoretical model, sound absorption performance of a trapezoidal CBMPPA is investigated numerically. Results show that the shape of the backing cavity can significantly alter the sound absorption mechanisms and frequency distribution of overall sound absorption coefficient of the absorber. Further analyses show that acoustic modes that are initially decoupled from the MPP in the rectangular configuration are coupled with the air motion in the MPP, which accounts for the change in absorption pattern of the trapezoidal CBMPPA. By the same token, it also provides the flexibility for tuning the effective absorption range of the absorber. Due to the varying impedance matching conditions, the absorption performance of the trapezoidal CBMPPA exhibits obvious local characteristics over the MPP surface, which contrasts with the spatially uniform absorption in the conventional MPP absorber.
I. INTRODUCTION
Micro-perforated panel ͑MPP͒ has been used as an alternative to traditional porous sound absorbing materials for a number of years. A MPP consists of a sheet panel with a lattice of sub-millimeter size perforations distributed over its surface. By reducing the sizes to sub-millimeter scale, the perforations themselves provide acoustic resistance and low acoustic mass reactance necessary for an absorber without the use of any porous material ͑Maa, 1975, 1987͒. As a clean and efficient sound absorbing material, MPP is finding more and more applications in areas such as room acoustics ͑Fuchs and Zha, 1997; Kang and Fuchs, 1999; Droltleff and Zhou, 2001; Kang and Brocklesby; , environmental noise abatement ͑Asdrubali and Pispola, 2007͒, and duct noise control ͑Wu, 1997͒. Conventionally, a typical MPP absorber takes the form of a MPP fitted in front of a backing wall, as illustrated in Fig. 1͑a͒ . The backing wall is parallel to the MPP with an air gap between them. The air gap provides an acoustic-stiffness, which is controlled by its depth. Together with the perforation, resonance-type absorption is generated. In all the existing work mentioned above, the depth of the air gap between the MPP and the backing wall is assumed to be a constant value. Previous studies on the MPP absorber mainly focus on the properties of the MPP itself, e.g., orifice diameter, perforation rate, panel thickness and materials, etc. Little attention is paid to the cavity depth as it is usually assumed to be a constant according to the target resonance frequency of the absorber ͑Maa, 1987͒.
This work aims to study the sound absorption characteristics of an irregular-shaped cavity backed micro-perforated panel absorber ͑CBMPPA͒ with varying cavity depths ͑a MPP backed by a trapezoidal cavity͒, as shown in Fig. 1͑b͒ . The motivation for changing the constant cavity depth in the conventional MPP absorbers to a varying value is explained as below. From the vibroacoustic viewpoint, the sound absorption of the MPP absorber is dominated by the resonance of the air mass vibration of both the perforated holes and the backing cavity ͑or the air gap͒, and the absorption efficiency is limited to the resonance frequency region. Forming a closed space behind the MPP, multi-modal acoustic resonances can be created. For MPP absorbers with rectangularshaped cavities, however, only a few selected acoustic modes play a role in the sound absorption due to the perpendicular relationship among their three adjacent walls. Other modes, although abundant in number, are decoupled from the air motion inside the micro-perforations of the MPP and hence have no contribution toward the sound absorption. This selective coupling pattern can be altered by setting the MPP inclined to the back wall to form a so-called irregular-shaped cavity as opposed to the rectangular one. Previous work showed that the coupling between a structure and an enclosure can be greatly enhanced due to the inclination of the cavity wall ͑Li and Cheng, 2004; Sum and Pan, 2006͒ . In the present case, acoustic modes that are initially decoupled from the MPP in the rectangular configuration can also be coupled with the air motion in the MPP. The expected result of the increased vibroacoustic coupling is the enhanced sound absorption performance over a wider bandwidth.
The idea of developing the irregular-shaped CBMPPA is also motivated by the practical need in the pursuit of more efficient noise barriers for environmental noise control. Noise barrier design and performance have been well documented in literature ͑Bies and Hansen, 1996͒. Since the present study does not claim any contribution in this regard, a literature review on noise barrier simulation and design is omitted here. Despite the significant progress made in the past, measurements have shown that performance of sound barriers is much less than that predicted by theory, especially for parallel barriers and barriers installed in front of noise sources with large reflective surfaces ͑Fuchs, 2001; Watts, 1996͒. This phenomenon is attributed to the multiple reflection and over-the-top scattering of the sound waves. To tackle the problem, an innovative wave tapping barrier was developed by Pan et al. ͑2004͒ . The wave trapping barrier uses a cavity-backed perforated surface tilled toward the road. The panel is composed of a series of wedges, which can take the shape of a trapezoid or, as a degenerated case, a triangle box. The tilted profile allows noise to be trapped for a better absorption and, by the same token, minimizes the noise escaping from the top.
The success of this promising technology is, however, still limited by a number of factors. The first is the lack of a thorough understanding of the sound absorption mechanism of the trapezoidal CBMPPA. The second is the lack of a suitable design tool to optimize and simplify the development of such devices. Both of them require a reliable theoretical model that can describe the vibroacoustic behavior of the CBMPPA accurately. Most previous studies modeled the MPP absorber as an equivalent electrical circuit. Such a method surely applies to the conventional construction as shown in Maa ͑1975, 1987͒, but fails when the cavity depth is varying. The transfer matrix method, described in Lee and Kwon ͑2004͒ and Atalla and Sgard ͑2007͒, also assumes a constant cavity depth, which becomes powerless in dealing with the irregular-shaped backing cavity. In studying the sound absorption of a finite flexible MPP backed by an air cavity, Lee et al. ͑2005͒ developed a solution procedure based on the modal analysis approach. The theoretical model established in Lee et al. ͑2005͒ takes into account the full coupling between the cavity acoustics and the panel vibration. However, as it assumes a rectangular cavity and the exterior acoustic loading on the MPP surface is simplified as a uniformly distributed sound pressure, that model cannot be adopted to investigate the irregular-shaped CBMPPA directly.
In what follows, Sec. II outlines the theoretical formulation for the sound absorption of the irregular-shaped CB-MPPA based on a two-dimensional ͑2D͒ model. A method of solution is established to solve the fully coupled system among the MPP, the irregular-shaped backing cavity, and the exterior sound field. The absorption performance of an irregular-shaped CBMPPA is investigated numerically in Sec. III. Compared with the rectangular CBMPPA of the same cavity volume, the trapezoidal CBMPPA has a quite different absorption pattern with more spectral peaks. With proper geometrical configuration, the trapezoidal CBMPPA can achieve fairly good absorption performance over a wider continuous bandwidth. In addition, the absorption of the trapezoidal CBMPPA demonstrates obvious local characteristics, which is caused by the distorted acoustic modes of the trapezoidal cavity. In Sec. IV, the theoretical model is validated experimentally. Figure 2͑a͒ shows the three-dimensional ͑3D͒ configuration of an irregular-shaped CBMPPA, which consists of a trapezoidal cavity and a MPP covering on the inclined wall. The MPP itself can be either flexible or rigid, but it is assumed to be rigid for simplification in this study. The other five cavity walls are assumed to be acoustically rigid. When an acoustic wave p i is incident on the MPP, some of the acoustic energy is reflected, and the rest is absorbed by the MPP as well as the sound absorbing materials inside the cavity ͑if any͒. As long as the inclined wall is parallel to the Z direction and the incident wave is parallel to the X-Y plane, it is appropriate to simplify the 3D configuration as a 2D theoretical model, as shown in Fig. 2͑b͒ . For convenience, a proper rotation is performed so that the MPP is laid out hori- Fig. 2͑b͒ . The trapezoidal cavity is completely defined by the side length L a , L b and the inclination angle ␥. The local coordinate system xoy defined in Fig. 2͑b͒ is adopted throughout the following presentation.
II. THEORETICAL MODELING
The theoretical formulation starts with the analytical treatments on the aerial motion and the acoustic impedance of the micro-perforations. With a sound pressure difference applied between the two sides of the MPP, air mass vibration occurs inside the orifice. As a measure to simplify the theoretical modeling, the discrete air particle velocity over each orifice is averaged across the adjacent unperforated region so that a quasicontinuous particle velocity field ū͑x͒ is obtained. Such a simplification procedure is valid as long as the distance between orifices R is short enough compared with the acoustic wavelength , say, R Ͻ/ 4 ͑Putra, 2007͒. The acoustic impedance due to the micro-perforations is also averaged over the whole panel so that the relative ͑to the characteristic impedance 0 c in air͒ acoustic impedance of the MPP is found as ͑Maa, 1998͒
where =2f is the angular frequency,
the orifice diameter, t is the panel thickness, is the coefficient of viscosity, and is the perforation ratio. Equation ͑1͒ has been shown to be accurate enough when the sound pressure level is less than 100 dB and the orifices are spaced more than a diameter apart ͑Maa, 1987, 1998͒. Thus, for normal incident wave p i with unit amplitude, the acoustic boundary condition on the inclined MPP can be described as
where p cav is the sound pressure inside the backing cavity, 2p i is the blocked pressure, and p rad is the external pressure radiated by the particle velocity field ū͑x͒. Since both p cav and p rad are due to the radiation of the particle velocity field ū͑x͒, Eq. ͑2͒ describes the coupled behavior between the acoustic field and the air motion in the micro-perforations. A method of solution to this coupled equation is presented in Sec. II A.
A. Method of solution
Following the standard Galerkin procedure ͑Meirovitch, 2001͒, the particle velocity over the MPP surface ū͑x͒ is expanded as a series of sine functions
where u j is the complex amplitude and L is the length of the inclined wall. With a proper truncation of the decomposition series, Eq. ͑3͒ can represent the averaged particle velocity field ū͑x͒ accurately except at the boundary edges. As far as the vibroacoustic analysis in this study is concerned, the approximation errors of ū͑x͒ at the boundary edges ͑the two ending points in the 2D model͒ can be neglected. Substituting Eq. ͑3͒ into the coupled Eq. ͑2͒, multiplying 2 sin͑jx / L͒ to both sides, and integrating over the inclined wall ͑0 Ͻ x Ͻ L͒ give
The sound pressure inside the cavity due to ū͑x͒, p cav , can be expressed in terms of acoustic modes of the rigid-walled cavity ͑Cheng, 2005͒:
where m ͑x , y͒ is the mth acoustic mode of the trapezoidal cavity, A m is the complex amplitude for each cavity mode m ͑x , y͒, V is the cavity volume, 0 is the air density, c is the speed of sound in air, and ⌳ m is the normalized factor of the mth cavity mode. The acoustic modes of the trapezoidal cavity are found numerically with the commercially available software COMSOL ® Multiphysics. In the conventional MPP absorber backed by a rectangular cavity, the cavity modes can be expressed analytically as
where L a and L b are the side lengths shown in Fig. 2͑b͒ with ␥ = 0. Accordingly, Eq. ͑5͒ becomes
The absolute value of the complex amplitude A m in Eq. ͑5͒ or A m,n in Eq. ͑7͒ measures the contribution of each cavity mode toward the sound field in the cavity. In the following presentation, the acoustic modes of the rectangular cavity will be called RC modes and the modes of the trapezoidal cavity will be called TC modes for brevity. The external pressure imposing on the MPP includes the blocked pressure 2p i and the external radiation by the microperforations p rad . For a large array panel which is composed of a group of MPP absorbers arranged periodically, e.g., the sound barrier developed by Pan et al. ͑2004͒ , the radiated pressure p rad consists of both self-radiation and mutual radiation from other MPP absorbers. Assuming that the array panel is large enough, an approximate periodic ͑or rigid͒ boundary condition may be applied to each single MPP absorber, in which the external radiation by each MPP absorber is confined to a virtual rigid duct with infinite length. Another reason for adopting such treatment is that such a boundary condition conforms to the measurement method for the normal incidence absorption coefficient using impedance tubes, as detailed in Sec. IV. Thus, given the averaged particle velocity distribution ū͑x͒, the radiated pressure p rad is found as ͑Doak,1973͒
which simulates the situation when the MPP absorber is fixed to one end of a standing wave tube to measure its sound absorption characteristics. In Eq. ͑8͒, n ͑x͒ is the duct acoustics modes of a 2D channel of width L,
where ␦ 0n is the Kronecker delta and c n is the modal phase speed,
In order to solve Eq. ͑4͒, both p cav and p rad are related to the complex amplitudes of the sine series u j via a modal impedance matrix. Denote the cavity pressure caused by sin͑jx / L͒ as p cav,j , that is,
Then, the total cavity pressure p cav becomes
Similarly, the total external radiation p rad is
Substitute Eqs. ͑12͒ and ͑13͒ into Eq. ͑4͒ and denote
Thus, Eq. ͑4͒ is transformed to a truncated set of linear equations for the unknown coefficients u j ,
where
can be solved via the inversion of matrix. In the actual calculation, modal truncation is needed. In Eq. ͑4͒, 400 TC modes are used to calculate the sound field in the trapezoidal cavity. For the duct acoustic modes n ͑x͒ in Eq. ͑8͒, the subscript n ranges from 0 to 50. The finite sine series in Eq. ͑3͒ is truncated to J = 80. Numerical results show that the number of modes is normally enough as further increase in the number does not make significant difference for the purpose of this study. With the matrix equation ͑16͒ solved, the averaged particle velocity over the MPP surface ū͑x͒ is obtained through the summation defined in Eq. ͑3͒. The total external pressure p e is given as the sum of the blocked pressure 2p i and the radiated pressure p rad ,
where p rad is found with Eq. ͑8͒. Thus, the normal incidence sound absorption coefficient for the MPP absorber can be determined as
where Re means the real part of a complex value and the asterisk denotes the complex conjugate. The surface impedance of the MPP absorber is given as
In the above modeling procedure, the sound wave p i is assumed to be of normal incidence on the MPP surface. As a result, only normal incidence absorption coefficient ␣ N is predicted in Eq. ͑19͒, which can be conveniently measured using the impedance tube method. The overall modeling procedure, however, applies to situations of oblique incidence and random incidence. In the case of oblique incidence, the blocked pressure 2p i in Eq. ͑2͒ becomes a function of the incidence angle, and the external radiation pressure p rad changes accordingly. In the random sound field ͑diffuse field͒, sound waves impinge on the MPP at all angles, and the absorption coefficient can be determined as ␣ = ͐ 0 /2 ␣ sin 2d, where is the incident angle. In order to fully characterize the acoustic properties of the CBMPPA, sound absorption at oblique and random incidences is necessary, but this issue is left to future studies.
B. Model validation
The current theoretical model is first verified against a well-established method in literature where conventional MPP absorbers are involved, for instance, the equivalent electrical circuit method in ͑Maa, 1987, 1998͒. The MPP absorber considered here consists of a micro-perforated panel fitted in front of a solid wall with a constant air gap of D = 0.06 m. The properties of the MPP are d = t = 0.2 mm and = 0.5%, where d is the orifice diameter, t is the panel thickness, and is the perforation ratio. The dashed curve in Fig.  3͑a͒ shows the normal incidence absorption coefficients predicted by the equivalent electrical circuit method. Note that the predicted absorption curve has been shown to compare well with the measured results obtained with a standing wave tube ͑Maa, 1998͒. In order to predict the performance of the same MPP absorber using the present theoretical model, the constant air gap between the MPP and the solid wall is simulated as a rectangular cavity of the size 0. Fig. 3͑a͒ for reference. At f = 2000 Hz, which lies in between the first and the second spectral peaks of the absorption curve, the ͑0,0͒ and ͑0,1͒ RC modes dominate the acoustic pressure inside the rectangular cavity. The ͑0,2͒ RC mode can also be observed, but its contribution is relatively small. At f = 3020 Hz, which approximately corresponds to the second spectral peak of the absorption curve, only the ͑0,1͒ RC mode dominates. The ͑0,0͒, ͑0,1͒, and ͑0,2͒ RC modes correspond to the first three resonances of the infinite air gap in ͑Maa, 1987, 1998͒, indicating that the present model is consistent with the equivalent electrical circuit method. As mentioned in the Introduction, other cavity modes are almost not excited by the normal incident sound wave p i since they are decoupled from the air motion in the micro-perforations.
III. NUMERICAL RESULTS
Based on the theoretical model developed in Sec. II, the normal incidence sound absorption properties of a MPP backed by a trapezoidal cavity are investigated numerically. The following set of parameters is used as the default values for the irregular-shaped CBMPPA:
where d, t, and specify the properties of the perforated panel, and L a , L b , and ␥ define the geometrical configuration of the backing cavity. The choice of the default set of parameters in Eq. ͑21͒ is only to facilitate the analysis on the absorption mechanism of the irregular-shaped MPP absorber.
No particular effort is made to seek optimal performance of the CBMPPA at the present stage. Figure 4͑a͒ compares the absorption curves of the trapezoidal CBMPPA specified in Eq. ͑21͒ and a rectangular MPP absorber of the same cavity volume ͑i.e., L a = 0.4 m, L b = 0.1 m, and ␥ =0͒. The dashed curve shows the results for the rectangular absorber. Two spectral peaks can be observed within the frequency range of interest, and a dip occurs in between the two peaks, that is, around 1700 Hz. Since the absorption at the dip is negligible, it is the first peak that often determines the effective bandwidth for the conventional rectangular MPP absorber. The solid curve shows the absorption coefficients for the trapezoidal CBMPPA. In contrast with the two-peak spectrum for the rectangular MPP absorber, six distinct spectral dips ͑D 1 -D 6 ͒ and peaks ͑P 1 -P 6 ͒ are observed for the trapezoidal CBMPPA. The increased number of spectral peaks implies that more cavity modes are excited than in the case of the rectangular cavity. Around the first spectral peak P 1 , the two absorbers demonstrate similar absorption performance. The second peak P 2 appears where the absorption performance of the conventional MPP absorber is very low, which makes it possible to achieve an absorber with wider effective bandwidth. The appearance of the following peaks P 3 -P 6 maintains the absorption performance at a reasonably high level within the whole frequency range of interest. At the dips D 2 -D 6 , which roughly correspond to the resonances of the hard-walled trapezoidal cavity, a moderate sound absorption level is observed. This contrasts with the rectangular MPP absorber that has little absorption at the resonances of the backing cavity, as shown in Fig. 4͑a͒ by the dashed curve at frequency f = 1700 Hz. It is worth noting that the occurrence of the peaks and dips can also be explained by the impedance matching conditions as in Maa ͑1998͒, but the impedance match only occurs in a local manner in the trapezoidal CBMPPA. An example of such local characteristics can be found in Fig. 7 , in which the local impedance matching conditions for P 2 and D 2 are illustrated.
A. Absorption performance
Note that the default set of parameters is not the optimum. A change in the geometrical configuration of the backing cavity can significantly alter the vibroacoustic coupling between the cavity and the MPP, and hence a better absorption performance might be achieved in terms of the effective bandwidth. Figure 4͑b͒ shows the absorption curve for a different cavity configuration ͑L a =1 m, L b = 0.03 m, and ␥ = 8.5°͒ with the same MPP properties. The absorption coefficients at the first three dips in the curve are elevated to above half-absorption level, which gives rise to a wider absorption bandwidth. Therefore, a parametric study is necessary to systematically evaluate the effect of various design parameters on the absorption performance of the irregularshaped CBMPPA, but this issue is left for future research. Figure 5 depicts the first 12 nonzero modes of the trapezoidal cavity ͑TC modes͒ denoted as TC-1, TC-2,…, TC-12, respectively. It can be shown that these modes are evolved from individual or a family of RC modes of a corresponding rectangular cavity ͑Li and Cheng, 2004; Sum and Pan, 2006͒ . The corresponding RC modes can be categorized into two types depending on whether the RC modes graze the inclined MPP or not. The TC modes TC-1, TC-2, TC-3, TC-5, TC-8, and TC-10 are evolved from the ͑1,0͒, ͑2,0͒, ͑3,0͒, ͑4,0͒, ͑5,0͒, and ͑6,0͒ RC modes, respectively. These RC modes graze the inclined MPP, and the evolved TC modes still nearly graze the inclined panel. The rest of the TC modes is evolved from RC modes that do not graze the inclined MPP. As more than one RC mode is involved significantly, the resulting TC mode has a relatively complicated mode shape. It is found that the two types of TC modes, i.e., the TC modes evolved from the grazing RC modes and those evolved from the nongrazing RC modes, contribute differently to the sound absorption of the trapezoidal MPP absorber.
The relationship between the free vibration characteristics of the trapezoidal cavity and the absorption performance of the trapezoidal CBMPPA is examined. Table I lists the resonance frequencies for the 12 TC modes shown in Fig. 5 . It can be observed that the resonance frequencies for TC modes TC-4, TC-6, TC-7, TC-9, and TC-11 roughly coincide with the dips D 2 -D 6 in Fig. 4͑a͒ . The TC mode TC-12 also corresponds to a spectral dip but it is beyond the frequency range investigated. It can also be observed that all of these TC modes are evolved from nongrazing RC modes. Figure 6 illustrates the contributions of each TC mode toward the total sound field in the backing cavity at the selected spectral peaks and dip frequencies. At the peak P 1 , the zero TC mode ͑which is not shown in Fig. 5͒ dominates over other cavity modes, as shown in Fig. 6͑a͒ . At the dip D 2 and the second peak P 2 , the fourth TC mode plays a significant role in the total sound field, cf. Figs. 6͑b͒ and 6͑c͒. Such an observation can be repeated for all the other spectral peaks and dips. That . ͑Color online͒ Amplitudes of the first 20 TC modes toward the total sound field in the backing cavity at the spectral peaks and dip frequencies. ͑a͒ The first peak, P 1 . ͑b͒ The second dip, D 2 . ͑c͒ The second peak, P 2 . ͑d͒ The third peak, D 3 .
is, the mode TC-6 dominates at D 3 and P 3 , TC-7 dominates at D 4 and P 4 , and so on. This feature is similar to that of a conventional MPP absorber with constant air gap. However, more cavity modes participate in the sound absorption process of the trapezoidal CBMPPA. Recall that only the RC modes such as ͑0,0͒, ͑0,1͒,͑0,2͒,…, contribute to the sound absorption of the rectangular MPP absorber, as already shown in Fig. 3 . For the trapezoidal cavity, all the TC modes evolving from non-grazing RC modes participate in the sound absorption of the MPP absorber. In other words, acoustic modes that are initially decoupled from the MPP in the rectangular configuration are now coupled with the air motion in the micro-perforations, and the coupling between the structure ͑MPP͒ and the enclosure ͑cavity͒ is greatly enhanced due to the inclination of the cavity wall.
B. Local sound absorption characteristics
Another distinct feature of the trapezoidal CBMMPA is its local distribution characteristics of the sound absorption coefficients across the micro-perforated surface. For the conventional MPP absorber with constant air gap, it is known that its absorption properties are the same over the whole micro-perforated surface as long as the perforation parameters are uniform. In the trapezoidal CBMPPA, the absorption properties vary across the micro-perforated panel even though the perforation parameters are the same. By removing the integration over L in Eq. ͑19͒, the distribution of the normal incidence absorption coefficients can be calculated as
͑22͒
Figures 7͑1a͒ and 7͑1b͒ show the distribution of the sound absorption coefficients at frequencies f = 1400 and 1590 Hz, respectively. The two frequencies correspond to the dip D 2 and the peak P 2 shown in Fig. 4͑a͒ . The dashed lines are for the sound absorption coefficients calculated by Eq. ͑22͒ directly. Overshoots and small ripples exist in the absorption curves as the particle velocity ū͑x͒ is approximated with a finite series of sine waves, cf. Eq. ͑3͒. These artifacts are smoothed out in the least square sense so that the trend of variation will not be obscured, as shown by the solid lines in Figs. 7͑1a͒ and 7͑1b͒. It is worthy to note that the absorption coefficients become negative when x Ͼ 0.3 m, which implies that some acoustic energy enters the trapezoidal cavity from other portion of the micro-perforated panel and is radiated out at the region x Ͼ 0.3 m. That is to say that acoustic energy transfer may occur within the trapezoidal cavity. By the same token, the local absorption coefficients can be larger than unity at certain frequencies, though such a phenomenon is not demonstrated at the two particular frequencies.
The local absorption characteristics of the trapezoidal CBMPPA can be attributed to its varying impedance matching conditions between the MPP absorber and the incident sound field. The second and third rows of Fig. 7 show the real and imaginary parts of the surface impedance Z s over the micro-perforated panel, respectively. For the trapezoidal CBMPPA, the real parts of the surface impedance manifest not only the resistance of the micro-perforated panel itself but also the effect of acoustic energy transfer within the trapezoidal cavity, which differs from the conventional MPP absorber with constant air gap. As a result, the real parts of the surface impedance Z s is not distributed uniformly, and even negative values are observed under certain situations, cf. Fig.  7͑2a͒ . The imaginary part of the surface impedance Z s characterizes the reactance of the MPP absorber, a small value of which usually means a good impedance matching between the absorber and the incident noise field. As shown in Fig.  7͑3a͒ , the local impedance mismatch at the region x Ͼ 0.25 m explains the poor absorption performance at the same region in Fig. 7͑1a͒ . Likewise, the good impedance matching at x Ͼ 0.25 m in Fig. 7͑3b͒ accounts for the high absorption performance shown in Fig. 7͑1b͒ . As already shown in Fig. 6 , the sound field inside the backing cavity is dominated by the cavity modes TC-4 for both f = 1400 Hz ͑D 2 ͒ and f = 1590 Hz ͑P 2 ͒. The region x Ͼ 0.25 m roughly corresponds to the portion of the sound field in which the acoustic wave is perpendicular to the micro-perforated panel, which suggests the close relationship between the varying impedance conditions and the distorted TC modes.
IV. EXPERIMENTAL STUDY
The main objective of the experimental study is to validate the basic theoretical model established. To this end, the normal incidence sound absorption coefficients of a prototype CBMPPA are measured experimentally and compared with the theoretical predictions. The experimental rig is designed based on the two-microphone transfer-function method according to ISO-10534-2 ͑ISO, 1998͒, as shown in Fig. 8͑a͒ . The test rig consists of a straight rectangular duct ͑15-mm-thick acrylic͒ so that it can be considered to be acoustically rigid. A loudspeaker is connected at the left end as the excitation source. A prototype CBMPPA to be tested is installed at the other end of the duct. Two microphones M1 and M2 ͑B&K type 4187͒ measure the sound pressure inside the duct. The distance between the two microphones is properly selected according to the frequency range to be measured. From the transfer function between the two microphones, the surface impedance and the normal incidence absorption coefficient of the prototype CBMPPA can be determined. The cross section of the rectangular duct is of 100ϫ 100 mm 2 . So, the first cut-on frequency in the rectangular duct is around 1700 Hz. Due to the limitation of the cross section of the test duct, it is hard to design a CBMPPA with the configuration shown in Fig. 2 to demonstrate the effect of the irregular-shaped cavity within the measurement frequency range of the test rig ͑say, lower than 1700 Hz͒. For this reason, the prototype CBMPPA has a configuration, as shown in Fig. 8͑b͒ . The cavity walls ͑other than the MPP͒ are also made of 15-mm-thick acrylic. The properties of the MPP ͓at the top surface in Fig. 8͑b͔͒ are
where d is the orifice diameter, t is the thickness, and is the perforation ration in percentage. The MPP is made of aluminum. With the geometrical configurations shown in Fig. 8͑b͒ and the MPP properties in Eq. ͑23͒, the absorption coefficients of the prototype CBMPPA are predicted using the theoretical model established in Sec. II. Figure 9͑a͒ compares the predicted and measured normal incidence absorption coefficients of the prototype CBMPPA. The solid curve shows the predicted results. Within the frequency range investigated, two peaks can be observed at frequencies f = 350 and 900 Hz, respectively. As analyzed in Sec. III, the occurrence of the second peak is attributed to the coupling between the MPP and the distorted cavity mode that are initially decoupled with each other in a rectangular configuration. Note that, for this particular design, the absorption performance at the "dip" frequency between the two peaks is not as good as that shown in Fig. 4 , but it suffices to serve the objective of model validation. The dashed curve with open circles shows the measured absorption coefficients. As depicted in Fig. 9͑a͒ , the experimental result matches the theoretical predictions very well except that an extra absorption peak appears at f = 740 Hz. This extra peak is believed to be caused by the sound-induced panel vibration which is excluded in the current theoretical model. Figure 9͑b͒ shows the amplitude of the measured frequency response of the MPP at the position ͑30 mm, 70 mm͒ with the reference sound pressure measured 3 mm in front of the panel in the duct. An obvious resonance peak can be observed at f = 740 Hz, indicating that strong panel vibration occurs. The corresponding deflection shape of the MPP is measured using a scanning vibrometer ͑PSV-400͒, and the panel vibration is found to be dominated by a strong volumedisplacing vibration mode at this frequency. The possible mechanism involved for the effective sound absorption at this frequency might be the increased relative air particle velocity with respect to the panel vibration at the microperforations. Detailed discussion on the panel vibration effect can be found in Lee et al. ͑2005͒ . As a summary, the experimental study demonstrates that the basic theoretical model of the irregular-shaped CBMPPA is correct. Soundinduced vibration of the panel itself may influence the absorption performance significantly and should be included in the theoretical modeling in future studies, especially when light material is used to fabricate the MPP. 
V. CONCLUSIONS
Owing to the altered vibro-acoustic coupling pattern, the sound absorption characteristics of a micro-perforated panel backed by an irregular-shaped cavity can be quite different from that of a conventional MPP absorber with constant air gap. From this observation, an irregular-shaped CBMPPA is proposed aiming for enhanced sound absorption performance. A 2D theoretical model is established by considering the full coupling among the MPP, the backing cavity, and the exterior sound field. Based on the verified theoretical model, the normal incidence absorption properties of a trapezoidal CBMPPA are investigated. The following conclusions can be drawn.
͑1͒
The irregular-shaped backing cavity can significantly alter the sound absorption mechanisms and frequency distribution of overall sound absorption coefficients of the MPP absorber. Compared with the conventional MPP absorber with constant air gap, the irregular-shaped CBMPPA can produce more spectral peaks and achieve enhanced absorption performance at the troughs in the absorption curve. This property can be further explored to tune the effective absorption range of the CBMPPA by making appropriate changes to cavity shapes and dimensions. Meanwhile, it also suggests that the shape of the backing cavity could be used for future optimal design of the MPP absorber. ͑2͒ Due to the inclination of the MPP, all TC modes that evolve from nongrazing RC modes are coupled to the air motion inside the micro-perforations, which accounts for the altered absorption pattern of the CBMPPA. Take the RC modes ͑m , n͒ of a 2D rectangular cavity for example. In a conventional MPP absorber with constant air gap, only the RC modes ͑0,n͒ with n =0,1,2,..., are coupled to the MPP. By replacing the rectangular cavity with a trapezoidal cavity, all TC modes evolving from both the RC modes ͑0,n͒ with n =0,1,2,..., and the RC modes ͑m , n͒, with m and n Ͼ 0 are coupled to the MPP. The sound field at the spectral peaks and dips in the absorption curves are found to be dominated by a specific TC mode. The peak frequencies correspond to the resonant frequencies of the panel-cavity system, while the frequencies at the dips coincide roughly with the resonance frequencies of the rigid cavity alone. ͑3͒ Unlike the uniform absorption performance over the MPP surface of the conventional MPP absorber, the irregular-shaped CBMPPA exhibits obvious local characteristics. Absorption coefficients less than zero and larger than unity can be observed at certain portion of the MPP surface due to the energy transfer within the backing cavity. The local absorption characteristics of the irregular-shaped CBMPPA are attributed to its varying impedance matching conditions, which in turn is closely related to the distorted acoustic mode shapes of the irregular-shaped cavity. ͑4͒ The absorption coefficients of a prototype CBMPPA are measured using a standing wave tube and compared with the theoretical predictions. The experimental results are in good agreement with the theoretical predictions on the whole, demonstrating that the basic theoretical model is correct. Extra absorption peak is observed in the experiment, which is attributed to the sound-induced vibration of the MPP itself.
